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SUMMARY 
A sys temat ic  a c o u s t i c  d a t a  base  and a s s o c i a t e d  f low d a t a  were used i n  
i d e n t i f y i n g  t h e  no i se  genera t ing  mechanisms of upper s u r f a c e  blown f l a p  con- 
c a l  reasonings  t o  p r e d i c t  t h e  n o i s e  l e v e l s .  
INTRODUCTION 
I t  i s  c l e a r  from previous i n v e s t i g a t i o n s  ( r e f s .  1-3) t h a t  most of t h e  f a r -  
f i e l d  sound f i e l d  of upper s u r f a c e  blown f l a p  conf igura t ions  of STOL a i r c r a f t  i I .  
is  from t h e  i n t e r a c t i o n  of t u r b u l e n t  j e t  flow .,-it'n wing and f l a p  s u r f a c e s .  . :I: 
Analysis  of the  sound produced by i n t e r a c t i m  between t u r b u l e n t  f low and r i g i d  1 . ,  1 .. f 
s u r f a c e s ,  s t a r t i n g  from t h e  f i r s t  p r i n c i p l e s ,  is very  d i f f i c u l t  i f  not  impos- 
s i b l e .  Therefore ,  i t  is necessary  t o  r e l y  upon exper imenta l  d a t a .  Using t h e  ! I- 
f l o w  and n o i s e  d a t a  genera ted from a sys temat ic  e x p e r i m e ~ ~ t a l  program a t  1 *.I i 1 
Lockheed under c o n t r a c t  t o  NASA-Langley, t h e  n o i s e  c h a r a c t e r i s t i c s  of USB a r e  
def ined.  The imporcant source  from a community s t andpo in t  i s  i d e r i t i f i e d  a s  t h e  
n o i s e  genera ted i n  t h e  v i c i n i t y  of t h e  t r a i l i - g  edge. There fo re ,  t h e o r e t i c a l  
1 -1  
a n a l y s i s  i s  performed f o r  t h e  sound f i e l d  produced by t h e  f low i n  t h e  t r e i l i n g  - 1  ; 
edge wake, where t h e  v e l o c i t y  gradie, l t  and tu rbu lence  i n t e n s i t y  a r e  l a r g e ,  us ing  
exper imer~ ta l ly  obta ined flow c h a r a c t e r i s t i c s .  An empi r i ca l  method is  a l s o  
I j ;  
I , .  
developed using t h e  no i se  d a t a  base  and phys ica l  arguments which may be used t o  i 4 
p r e d i c t  t h e  n o i s e  l e v e l s  - a t  l e a s t  u n t i l  t h e  theory is developed f u r t h e r .  . 1 -  
, - .  
a d d i t i o n ,  a b r i e f  d i s c u s s i o n  of t h e  e f f e c t  of a j r c r a f t  motion and n o i s e  I . {   :! 
suppress ion is  presented.  . i . ;  - I 
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The aerodynamic n o i s e  produced by t h e  upper s u r f a c e  blown f l a p  (USB; system ; .. - 
i -, ' may be summarized and i d e a l i z e d  a s  t h e  n o i s e  generated by t h e  i n t - r f e r e n c e  of a  ! 
t u r b u l e n t  jet wi th  f i n i t e  r i g i d  su r faces .  Based upon t h e  experimental  and theo- 1 1 ! ,,. 
r e t i c a l  i n v e s t i g a t i o n s ,  i t  is hypothesized t h a t  t h e  p ropu ls ive  l i f t  r e l a t e d  ! {  .. . , I 
'. r 
sound may be a t t r i b u t e d  t o  e i g h t  p o s s i b l e  sources  which d i f f e r  i n  t h e i r  geomet- :I . , . .  
r i c  l o c a t i o n  and n o i s e  genera t ion  and propagation mechanisms. These sources  a r e  ,, ... .I-
i l l u s t r a t e d  i n  f i g u r e  1. ; / . ' , ,‘-' 
k L . .. 
Engine I n t e r n a l  Noise 
Noise generated wi th in  t h e  engine,  which inc ludes  fan ,  compressor, and 
t u r b i n e  n o i s e ,  i s  known as i n t e r n a l  noise .  This  propagates i n  t h e  forward as 
w e l l  as i n  t h e  a f t  d i r e c t i o n s .  The forward-radiated n o i s e  is n o t  p e c u l i a r  t o  
USB c o r f i g u r a t i o r ~ s ,  but most of t h e  a f t - r a d i a t e d  sound is sh ie lded  from t h e  
comnunity by t h e  wing and f l a p .  T'nis s u b j e c t  i s  r e a l l y  ,beyond t h e  scope of 
t h i s  paper and thus  w i l l  not  be discussed i n  any d e t a i l .  
Jet Mixing Noise I I 
The j e t  flow p r i o r  t o  i ts impingement is def ined as t h e  USB j e t  mixing 
region.  The n o i s e  gener r t ed  i n  t h i s  region is c a l l e d  j e t  mixing no i se .  The 
fundamental f low mixing i s  modified by t h e  presence of t h e  r i g i d  s u r f a c e .  
Therefore,  t h e  no i se  genera t ion  process  of flow mixing i n  t h i s  r eg ion  may n o t  
be  t h e  same as f r e e  j e t  mixing without t h e  presence of t h e  wing. In  t h e  case  
of USB, however, t h i s  region of f r e e  je: mixing i s  c l o s e  t o  t h e  nozz.Le e x i t  and 
above the  wing. Therefore,  most of t h i s  n o i s e  w i l l  be sh ie lded  from t h e  com- 
munity by t h e  wing and f l a p  a s  i n  t h e  c a s e  of engine i n t e r n a l  noise .  
J e t  Impingement Noise 
When t h e  jet is d e f l e c t e d  og to  t h e  wing from an  e leva ted  p o s i t i o n ,  a s  i n  
t h e  c a s e  of pylon-mounted engines ,  t h e  jet exhaust  flow impinges on t h e  wing 
s u r f a c e .  This  t u r b u l e n t  flow impinging on t h e  s u r f a c e  generates  a d d i t i o n a l  
n o i s e  gznera l ly  known a s  "impingement noise." Even though t h e  s t r e n g t h  of t h i s  
source  could be s i g n i f i c a n t  (depending on t h e  c o n f i g u r a t i o n ) ,  t h e  r a d i a t e d  sound 
from t h i s  source  below t h e  wing f o r  a  t y p i c a l  a i r c r a f t  conf igura t ion  may be 
n e g l i g i b l e  because of i ts geometric loca t ion .  I n  c e r t a i n  extreme cases ,  t h i s  
n o i s e  may r a d i a t e  toward t h e  forward quadrant.  
Wall J e t  Boundary Layer Noise 
The wal l  j e t  boundary l a y e r  on t h e  wing and f l a p  s u r f a c e  w i l l  have a  high 
mean shear  and can produce a  htgh turbulence l e v e l ,  and n o i s e  is thus  generated 
by t h e  induced f l u c t u a t i n g  presst:res on t h e  s u r f a c e .  The c o n t r i b u t i o n  of t h i s  
w a l l  jet boundary l a y e r  n o i s e  t o  t h e  comrrunity is  very small because (1) t h e  
volume of turbulence of boundary l a y e r  is small compared t o  t h e  volume of o t h e r  
noise-producing regions ,  and (2) t h e  n o i s e  is generated above t h e  wing and 
t h e r e f o r e  sh ie lded  by t h e  wing/flap.  
Wall J e t  Mixing Noise .- , : ,-< 
I , .  I, : I .  ! . : 
The developed w a l l  jet w i l l  be formed immediately a f t e r  t h e  impingement of I ,  
; .., 
t h e  j e t  flow on t h e  wing sur face .  The mixing of jet flow with  t h e  en t ra ined  
air  i n  t h i s  region r e s u l t s  i n  f l u c t u a t i n g  s t r e s s e s  similar t o  f r e e  jet mixing. j :; 
? The n o i s e  generated i n  t h i s  r eg ion  i s  known a s  w a l l  jet mixing noise .  The in- ! { _.. 
, \ .  t roduc t ion  of curva tu re  on t h e  s u r f a c e  modif ies  t h e  w a l l  j e t  th ickness  and , . , . 
v e l o c i t y  decay r a t e  and a m p l i f i e s  t h e  turbulence l e v e l s  i n  th,? flow. The con- 1 I 1 \ ':, 
t r j b u t i o n  of sound from t h i s  source  is pr imar i ly  i n  t h e  direct'on above t h e  i 'r 
wing and poss ib ly  i n  t h e  a f t  quadrant below t h e  wing. 1 ,..: i ..r 
. ,. . 
1 ; .  
, , 
, , 
T r a i l i n g  Edge Noise 
Noise generated i n  t h e  v i c i n i t y  of t h e  f l a p  t r a i l i n g  edge is genera l ly  
known as t r a i l i n g  edge noise .  A l l  t h e  previous experiments and ana lyses  ind i -  
c a t e  t h a t  t h e  con t r ibu t ion  of sound from t h i s  source ,  p a r t i c u l a r l y  i n  t h e  
d i r e c t i o n  below t h e  wing, is dominating. However, t h e r e  is no agreement among 
t h e  va r ious  i n v e s t i g a t o r s  about t h e  noise-generat ing mechanism. For example, 
Hayden ( r e f .  4) has  hypothesized t h a t  t h e  t u r b u l e n t  f low leav ing  t h e  s u r f a c e  
a t  t h e  t r a i l i n g  edge gendrates  a s t r o n g  d i p o l e  source  wi th  p r e f e r r e d  a x i s  
perpendicular  t o  t h e  su r face .  Ffowcs Williams and H a l l  ( r e f .  5),  on t h e  o t h e r  
hand, analyzed t h e  r a d i a t e d  sound f i e l d  f o r  quadrupole n o i s e  sources  i n  t h e  
v i c i n i t y  of t h e  edge of a s e m i - i n f i n i t e  r i g i d  s u r f a c e .  Both of these  a n a l y s e ~  
gave e s s e n t i a l l y  the  same d i r e c t i v i t y  and s p e c t r a l  d i s t r i b u t i o n .  However, 
c l o s e r  examination of experimentally obta ined,  r a d i a t e d  sound f i e l d  axid flow- 
f i e l d  d a t a  i n d i c a t e  t h a t  t h e  t r a i l i n g  edge n o i s e  could be generated i n  t h e  
shear  l a y e r  of t h e  t r a i l i n g  edge wake. This w i l l  be discussed f u r t h e r  unde, 
"Mathematical Model. " 
Wall J e t  Ro?.l-Up Noise 
It is  observed t h a t  t h e  j e t  r o l l s  up a: t h e  edges of t h e  s u r f a c e  and grows 
as t h e  a x i a l  d i s t a n c e  from t h e  nozxle inc reases .  This rol l -up phenomenon be- 
comes s t r o n g e r  a s  t h e  curva tu re  i n c r e a s e s  and f u r t h e r  a m p l i f i e s  a s  t h e  aspec t  
r a t i o  of t h e  nozzle  decreases.  The n o i s e  generated by t h i s  type of flow in- 
s t a b i l i t y  is known a s  wa l l  j e t  ro l l -up  no i se .  I t  appears  t h a t ,  f o r  l a r g e  
aspec t  r a t i o  nozzles  o r  f o r  t h e  case  where t h e  j e t  f low spreads  f a i r l y  well, 
t h e  no i se  generated by rol l -up is small. However, f o r  smal l  a s p e c t  r a t i o  
nozzles,  t h i s  may not  be n e g l i g i b l e .  
mi 
Flow Separation Koise 
There are certain operational and geometrical configurations where the jet 
flow can separate before it reaches trailing edge. In fact, separation was ob- 
1 served in the wind tunnel experiments with forward speed far some cases where 
there is no separation during static tests. This phenomenon of separation obvi- 
ously generates additional noise as discussed by Siddon (ref. 6). This 
separation noise could be significant in the aft quadrant, depending on the 
separation location. 
3 
In addition to the noise sources discussed so far, there may be acoustic 
feedback mechanisms which can result ifi large magnitudes of discrete frequency 
noise. Since it is obszrved that this type of noise is very sensitive to op- 
erational and geometric parameters, it i,,: assumed that these conditions may be 
avoided with a careful design. 
RADIATED SOUND FIELD 
\ 
In order to identify the dominant noise source contributing in various di- 
rections, the spatial distribution of the one-third octave spectra is examined. 
Figure 2 illustrates the typical spectra in various directions in ti-.; fly- 
over plane. It may be observed that, as the angle 8 from the forward axis of 
the wing plane increases, the noise levels -particularly in the high-frequency 
range -increase. As we approach the direction above the flap surface (for 0 > 
150°), the noise levels further increase an? then start decreasing with the 
increase in 0 .  From these results and ;he results presented in the previous 
papers (refs. 7 and 8) and with the assumption that most of the noise generated 
upstream of trailing edge is shielded from radiating below by the wing and flap 
surfaces, it may be conjectured that the trailicg edge noise is a doainant 
source from a community noise standpoint. In order to examine this hypothesis 
further, the sound pressure level spectra for different flap angles shown in 
figure 3 are studied. it may be observed that there are two peak sound levels 
at about 0.8 kHz and 2.0 kHz with a dip at 1.0 kHz. This type of spectral dis- 
tribution is consistent with most of the tests, including tests at NASA (refs. 
3 and 9). This observation led some investigators to conjecture that i+u 
sources, with low- and high-frequency dominance, contribute to the radiated 
sound in this direction. But closer examina2ion of the experimental data indi- 
cates that the frequencies of these humps and dip are independent of flap 
angle, as shown in this figure, and they are also independent of jet velocity 
as shown in figure 4. It is suspected that the sound generated in the trailing 
edge wake and diffracted by the wing leading edge and rigid surfaces of the 
test rig, such as nozzle flange and the wing/flap end plates (as seen in one 
of the model descriptions of ref. 8), could cause the reinforcement and can- 
cellation of radiated sound at certain frequencies. These possibilities are 
explored further experimentally by using sound absorbent material on several of 
these surfaces. The results are shown in figure 5. As can be seen, the humps 
and dip are eliminated in the frequency range of 500 to 2000 Hz by avoiding 




distribution of radiated sound without diffraction is broad-band type at least 
m 
in the low-frequency range up to 2000 Hz. 
; ..& 
From these results, it is postulated that only the trailing edge is a . ,  2 . "$ 
. 2 ,\ <*I 
I ]  
dominant source contributing below the wing, and some of the other aeroacoustic ,' .. , ,+*:a .". t -*;; 
sources discussed in the previous section -including the trailing edge noise- F.. . . ,  - .5+,rs i'.. ., \.'" 
.-m could contribute above the wing. Since the noise characteristics below the 
. , 1 ;@d 
wing are more pertinent from community noise standpoint, further analysis is .'.. : $3 
'a -; :&:, 
made on the trailing edge noise source. 
, : , ~*"-& 
MATH EMAT LCAL MOGEL 
A closer examination of the experimentally measured sound and flow field 
revealed that there was no clear-cut evidence to associate the trailing edge 
noise to either dipole model, as depicted by Hayden (ref. 41, or the diffracted 
quadrupole, as formulated by Ffowcs Williams and Hall (ref. 5). The typical 
flow characteristics just downstream of the trailing edge wake which are shown 
in figure 6 indicate that the velocity gradient and turbulence intensity are 
very large near the edge. In fact, it may be observed that the turbulence in- 
tensity is maximum where the velocity gradient is maxinum. Experience tells 
us that the by-product of turbulence generation is noise generation or a noise 
source. Therefore, a mathematical model was developed for the turbulent mixing 
noise of che highly sheared trailing edge wake flow. In this model, the 
sheared flow downstream of the trailing edge is assumed to be locally two- 
dimensional and spatially homogeneous with respect to any plane parallel to the 
shear Layer. These assumptions are justified experimentally, as discussed in 
reference 7. In addition, it is also assumed that the fluid within the shear 
layer is incompressible, which is reasonable for the flow velocity very much 
smaller than sonic velocity. With these assumptions and the equations of 
motion (Poisson's equation), the pressure flactuations associated with turbu- 
lent mixing are found in terms of unsteady velocity components with the use of 
the Fourier transform.  his result is then used to form the space-time near- 
field pressure cross-correlation function. Assuming only the shear components 
are important for radiated noise, these terms alone are retained. 
This analysis illustrates that, for a practical upper surface blown flap 
configuration, the turbulent mixing in the vicinity of the trailing edge is a 
j dominant noise source. The radiated noise is primarily a function of the flow parameters in the trailing edge wake. However, the typical streamwise space- ! time cross-correlation function of fluctuating velocities in the trailing edge 
I wake, shown in iigure 7, exhibit similar ~haracteristics as in the shear layer 
,t/ close to the nozzle exit of the free jet. A function of the following form is 
, derived as given by Maestrello (refs. 10 and 11): 
i 
- 
where (see appendix for additional symbols) 
-- 
5 = 1x1 - xll 1 streamwise (longitudinal) separation distance 
5 -  IY' -Y"I epanwise separation distance 
- 
e '  ,zl' lateral neasurenent locations . . 
delay time 
longitudinal decay rate of the cross-correlation function ! -  * , ' ..., 
/ ,  1 ':*;\ 
I _ 1  the shear layer thickness : , {  
U maximum velocity in the trailing edge wake 1' : ' f ' i  I 1.3 -4 
"c eddy convection velocity 1 I : . ?  . -1 
scale of anisotropy (ratio of longitudinal to the lateral 
length scales) 
G(z' ,z") traiisverse correlation function of zero time delay 
ai and A i  the empirical constante to describe the shape of the 
power spectrum of t1.2 fluct~ating velocities 
The far-field sound pressures were calculated by considering the fluctuat- 
ing pressure components with supersonic p!lase velocity as given by Tam (ref. 
12). The detailed discussion of the analysis of radiated sound from the trail- 
ing edge wake sheared layer of USB using experimentally obtained fluctuating 
velocity characteristics is presented in a paper to be presented in the AIAA 
aeroacoustics conference in July 1976 (ref. 13). The final expression for 
the radiated sound pressure per unit area of shear layer per unit solid angle 
in the direction $ from the flow direction and per unit frequency at a 
frequency of w, O($,w) is given as 
, 
M is t h e  f low Mach number based on ambient speed of  sound 
G ( x )  is  t h e  z e r o t h  o r d e r  modified Bessel  f u n c t i o n  1.- .i 
dC/dz1 is t h e  v e l o c i t y  g r a d i e n t  i n  t h e  shea red  l aye r .  ..I 
.: -1  
The flow c h a r a c t e r i s t i c s  were measured us ing two s i n g l e  ho t  wi res  f o r  a  
conf igura t ion  shown i n  f i g u r e  6 i n  t h e  mid-span j u s t  downstream of t h e  t r a i l i n g  
edge. A rec tangu la r  nozz le  wi th  a s p e c t  r a t i o  of 8  and e x i t  a r e a  of 20.26 
square  cen t ime te r s  waa used. The wing and f l a p  c o n s i s t e d  of 60° f l a p  a n g l e  
wi th  7.62 cm r a d i u s  of cu rva tu re .  The flow leng th ,  def ined a s  t h e  l eng th  be- 
tween t h e  nozzle  e x i t  t o  t h e  t r a i l i n g  edge of t h e  f l a p ,  was 21.8cm. The follow- 
i n g  va lues  were obta ined from t h e  hot-wire c o r r e l a t i o n  and v e l o c i t y  and 
turbulence  i n t e n s i t y  measurements f o r  maximum v e l o c i t y ,  convection v e l o c i t y ,  
and l eng th  s c a l e s :  
Shear l a y e r  th ickness  6 is def ined as t h e  height  from 10% t o  90% of maximum 
v e l o c i t y .  
A i ' s  ar.d ~ i ' s  a r e  determined us ing  t h e  measured a u t o  c o r r e l a t i o n  func t ion  
shown i n  f i g u r e  9 a s  
One-third octave  band sound p ressure  l e v e l s  a r e  c a l c u l a t e d  us ing t h e s e  
va lues  of flow p r o p e r t i e s  i n  equat ion ( 2 )  i n  va r ious  d i r e c t i o n s  a t  c e n t e r  f r e -  
quencies of 400, 1600, and 6300 Hz. These r e s u l t s  a r e  corn~ared wi th  t h e  
measured r a d i a t e d  sound i n  f i g u r e  10. Comparison is  a l s o  made i n  f i g u r e  11 be- 
tween measured and c a l c u l a t e d  one- th i rd  octave  band sound p r e s s u r e  l e v e l  
s p e c t r a  i n  the  d i r e c t i o n  of 10' t o  t h e  flow. I t  may be observed fram t h e s e  two 
f i g u r e s  t h a t  t h e r e  is a  favorab le  agreement, p a r t i c u l a r l y  i n  t h e  high-frequency 
region.  The t h e o r e t i c a l  c a l c u l a t i o n s  may be improved i f  the  turbulence  
p r o p e r t i e s  axe  measured more p r e c i s e l y  by cons ide r ing  t h e  components o i  each 
d i r e c t i o n .  This may be accomplished wi th  more s o p h i s t i c a t e d  hot-wire system o r  
l a s e r  velocj.meter developed r e c e n t l y  a t  Lockheed. 
This  a n a l y s i s  i l l u s t r a t e s  t h a t ,  f o r  a  p r a c t i c a l  upper s u r f a c e  blown f l a p ,  
the  tu rbu len t  mixing i n  t h e  v i c i n i t y  of t r a i l i n g  edge is a  dominant no i se  
source.  The r a d i a t e d  no i se  is  p r imar i ly  a func t ion  of t h e  flow parameters i n  
i 
t h e  t r a i l i n g  edge wake. However, i n  o r d e r  t o  e s t i m a t e  t h e  e f f e c t  of geome t r i c  
and o p e r a t i o n a l  parameters  on n o i s e  c h a r a c t e r i s t i c s ,  i t  is n e c e s s a r y  t o  e s t a b l i s h  
t h e  r e l a t i o n s h i p  between t h e  t r a i l i n g  edge f low c h a r a c t e r L s t i c s  and t h e  v a r i o u s  
pa rame te r s .  But,  t o  do s o  would r e q u i r e  e x t e n s i v e  ~ v ~ c r i m e n t a l  measurements 
which are n o t  a v a i l a b l e  a t  t h e  p r e s e n t  t i m e .  Thcr .  E, :!sing t h e  s y s t e m a t i c  
f a r , - f i e l d  sound measurements f o r  v a r i o u s  c o n f i g u r a t i o n s  and w i t h  t h e  p h y s i c a l  
r e a s . m i r ~ g s ,  an e m p i r i c a l  mctnod of  USB n o i s e - p r e d i c t i o n  methsd has  been 
developed ,  
l i  . 
EMPIRICAL METHOD OF NOISE PREDICTION 
F: 
i t  
' I  
i j .  
) :  . 
I n  deve lop ing  a  n o i s e - p r e d i c t i o n  program, a n  a t t e m p t  is made t o  g e n e r a l i z e  I! : 
t h e  o b s e r v a t i o n s  made i n  t h e  e x t e n s i v e  f l a w  and a c o u s t i c  d a t a  base  and t o  i n -  ' \ :  
c o r p o r a t e  them i n  t h e  e m p i r i c a l  moae!., S i n c e  t h e  primary i n t e r e s t  i s  i n  t h e  t ! ' .  
, . 
d i r e c t i o n  below t h e  wing, i t  is  a s s u n r d  t h a t  t h e  dominant n o i s e  i s  from t h e  
t r a i l i n g  edge sou rce .  The re fo re ,  t h e  n o i s e  l e v e l s  should  be c o r r e l a t e d  w i t h  
t h e  g r o s s  parameters  i n  t h e  t r a i l i n g  edge waks such  as  v e l o c i t y ,  t u r b u l e n c e ,  
a r t ,  i t  is no t  p o s s i b l e  t o  r e l a t e  t h e s e  t r a i l i n g  edge pa rame te r s  t o  o p e r a t i o n a l  
and j e t  t h i c k n e s s  a t  thr + r a i l i n g  edge. However, a t  t h e  p r e s e  t s t a t e  of  t he  f l !, 
and geome t r i c  parameters .  Thus, the e m p i r i c a l  r e l a t i o n s  a r e  d e r i v e d  u s i n g  t h e  
r e a d i l y  a v a i l a b l e  eng ine  and ~ ; i n g / f l a p  pa rame te r s .  Geae ra l  v a r i a t i o n  o f  n o i s e  
c h a r a c t e r i s t i c s  a s  a  f u n c t i o n  of geome t r i c  and operational parameters  i s  
d i s c u s s e d  b r i e f l y .  
Nozzle Area and Shape 
The r a d i a t e d  sound i n t e n s i t y  is found t o  b e  d i r e c t l y  p r  l o r t i o n a l  t o  t h e  i 
n o z z l e  a r e a .  G e n e r a l l y ,  t n e  n o i s e  i e v e l s  i n c r e a s e  a s  t h e  a s p e c t  r a t i o  de- 1 I _  i 1 
c r e a s e s .  For  n o i s e  p r e d i c t i o n ,  s p e c t r a l  shape  i s  assumed independent  of shape .  i , ! 
Nozzle E x i t  V e l o c i t y  
The sound i n t e n s i t y  i s  found t o  i n c r e a s e  as  t h e  j c t  v e l o c i t y  i n c r e a s e s ;  ! 
t h e  v e l o c i t y  exponent  v a r i e s  from 5.0 t o  7.5 depending on t h e  d i r e c t i o n  as shown i 
i n  f i g u r e  12. The f requency  is d i r e c t l y  p r c p o r t i o n a l  t o  t h e  jet v e l o c i t y .  i I 
Radius of  C u r ~ a t u r e  
The magnitude and s p e c t r a l  c h a r a c t e r i s t i c s  a r e  independent  o f  r a d i u s  o f  
c u r v a t u r e ,  which means t h e  sound i n t m s i t y  and s p e c t r a l  d i s t r i b u t i o n  da  not  de- 
pend on t h e  s h a r p n e s s  of t h e  f low t u r n  provided  t h a t  t h e  f l ow  was comple t e ly  
t u rned  and a t t a c h e d  t o  t h e  complete  l o n g i t u d i n a l  l e n g t h  of  t h e  f l a p  s u r f a c e  
w i thou t  f low s e p a r a t i o n .  
t . : Length 
Flow leng th  appears  t o  be an important  pa rene te r .  A s  t h e  f lcw l e n g t h  in-  
c r e a s e s ,  both t h e  sound i n t e n s i t y  and t h e  frequency of t h e  spectrum decrease .  
This  is due LO t h e  reduction i n  v e l o c i t y  and perhaps due t o  i n c r e a s e  i n  t h e  j e t  
th ickness  a t  t h e  t r a i l i n g  edge. 
Flap Angle 
For a constant  a n g l e  wi th  r e s p e c t  t o  t h e  f l a p  (f low d i r e c t i o n  i n  t h e  
t r a i l i n g  edge wake), t h e  sound i n t e n s i t y  i s  indeperl.lent of t h e  f l a p  angle .  How- 
ever ,  t h e  peak frequency of t h e  spectrum is  reduced a s  t h e  f l a p  angle  is  in- 
creased.  Again, t h i s  may be due t o  i n c r e a s e  i n  t h e  j e t  th ickness  a s  t h e  f l a p  
ang le  inc reases .  
An i l l u s t r a t i o n  of nonciimensional s p e c t r a l  d i s t r i b u t i o n  de r ived  from t h e  
d a t a  t o  develop t h e  p r e d i c t ' m  procedure is  given i n  f i g u r e  13. Here, it is 
assumed t h a t  t h e  sound p r e s s u r e  v a r i e s  a s  j e t  v e l o c i t y  r a i s e d  t o  t h e  power 
7 ,  and t h e  nondimensional frequency is a func t ton  of flow le:,gth, j e t  v e l o c i t y ,  
and f l a p  angle .  It nay LC observed i n  t h i s  f i g u r e  t h a t  t h e  + a t a  c o l l a p s e  very 
we l l  us ing  t h e s e  v a r i a b l e s  f o r  d i f f e r e n t  j e t  v e l o c i t i e s .  i?., l e n g t h ,  and f l a p  
angles .  
T5e development cf t h i s  empi r i ca l  method f o r  USB n o i s e  p r e d i c t i o n  j.s s t i l l  
i n  progress .  Sowever, t h e  pre l iminary  f ormulat *.,n us ing t h e  d a t a  from small-  
s c a l e  model s t a t i c  t e s t s  wi th  the  j e t  flow a t  -:*bient t expera tu re  is given 
below. 
- -  n,  (el1,$) 
SPL(SN) a 10 log  (z) + 10 l o g  - A~ - 20 log  - R 
A 0  Ro 
where 
S N nondimensiosai frequency (Strouhal  number) 
f c c e n t e r  frequency of one- th i rd  octave  band 
C f f l a p  angle  ( rad ians  j 
n(e l ' ,@) v e l o c i t y  expo;lent a s  a func t ion  of d i r e c t i o n ,  8" and $I 
( f o r  d e f i n i t i o n  of 8" and $ s e e  f i g u r e  12) 
"J j e t  v e l o c i t y  (m/s) 
o r e fe rence  v e l o c i t y  = 180 m / s  
AN nozzle  e x i t  a r e a  (m2) 
A, re fe rence  nozzle  a r e a  = 1 m' 
R d i s t a n c e  from nozzle  t9  measurement l o c a t i o n  (m) 
b re fe rence  d i s t a n c e  = 1 m 
A R ~  aspec t  r a t i o  of nozz le  (width-to-height I r t i o )  
DH hydrau l i c  d i m e t e r  of t h e  nozzle  e x i t  (m) 
The no i se  l e v e l s  are c a l c u l a t e d  us ing  equa t ion  (3) f o r  small s c a l e  model 
aad l a r g e  s c a l e  model s t a t i c  cases .  These r e s u l t s  a r e  compared wi th  t h e  mea- 
sured d a t a  i n  f i g u r e s  14 and 15. The agreement Is very  reasonable .  
U n t i l  more d e t a  a r e  a v ~ i l a b l e  and analyzed,  t h e  e f f e c t  of a i r c r a f t  motion 
may be incorporated i n  t h e  same way a s  g iven i n  r e fe rence  13. The pre l iminary  
i n d i c a ~ i o n s  of t h e  recen t  d a t a  from ~ o c k h e e d " ~  Acoustic Free-Jet  f a c i l i t y  a r e  
t h a t  t h e  j p e c t r a l  c h a r a c t e r i s t i c s  of sound change a s  t h e  free-stream flow is 
introduced.  Th2 high-frequency n o i s e  does pot  reduce i n  t h e  a f t  quadrant .  The 
e x m i n a t i o n  of t h e  flow c h a r a c t e r i s t i c s  r evea led  chat  t h e  j e t  f low separa ted  
from t h e  s u r f a c e  j u s t  ahead of t h e  t r a i l i n g  edge wi th  t h e  forward speed. There- 
f o r e ,  i t  is necessary t o  cons ide r  t h i s  a spec t  - €  t h e  problem i n  ana lyz ing  and 
i n t e r p r e t i n g  t h  d a t a  on t h e  forward speed e f f e c t .  
CONCLUDING REMARKS 
Ar. e m p i r i c ~ t ~  no i se  p r e d i c t i o n  method has been developed us ing  t h e  e x t e n s i v e  
acous t i c  experimental  d a t a  f o r  USB conf igura t ion .  The method is simple t b  use  
and c o r r e l a t e s  reasonably w e l l  wi th  t h e  a v a i l a b l e  s t a t i c  t e s t  d a t a .  The e f f e c t  
of forward speed and t h e  ground r e f l e c t i o n s  f o r  tho c a s e  of a i r c r a f t  i n  f l i g h t  
may be e a s i l y  incorporated i n  t h e  program. 
It is conjectured from the  exper imer ta l  d a t a  t h a t  t h e  no i se  genera ted i n  
the  v l c i n i t y  of the  t r a i l i n g  edge is  a dominant source  c o n t r i b u t i n g  t o  t h e  rad i -  
a t ed  sound f i e l d  i n  the  d i r e c t i o n  below t h e  wing. A mathematical model has  been 
developed t o  p r e d i c t  t h e  d i r e c t i v i t y  and s p e c t r a l  d i s t r i b u t i o n  of the  n o i s e  
generated i n  the  sheared l a y e r  of the  t r a i l i n g  edge w; :. These r e s u l t s  -ire i n  
good agreement with t h e  experimcr- ' l y  measured d a t a ,  kh ich  i n d i c a t e  t h e  domi- 
nant no i se  i s  generated b) t h e  F i l  - ,nixing where the  v e l o c i t y  g r a d i e n t  i s  very  
l a rge .  
The r e s u l t s  presented h e r e  i n d i c a t e  t h a t  one of t h e  ways of reducing USB 




the trailing edge wake. Accomplishment of this noise reduction requires ,mre 
, * 
experimental and theoretical study. 
More exploratory study is necessary to evaluate the flow characteristics 
.$ 
in the trailing edge in order to correlate the relationship between the trail- [ s +1 ,. .,ti : 
ing edge flow and the geometric and operational parameters. This would yield 1:; : ;q 
. . .. ." 
a better analytical approach to predict the noise levele and also reveal the - I . , ,I ..
ways of controlling USB noise. 1: -::;$ . , 
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Additional symbols used i n  t he  t ex t  and i n  f i gu re s  a r e  
appendix . 




longi tudinal  length s ca l e  af eddy 
spanwise length s ca l e  of eddy 
L, . , 
,%. 
. ,;j f l a p  radius  of curvature 
% co r r e l a t i on  function 
5 mean ve loc i ty  
".I j e t  e x i t  ve loc i ty  
X nozzle locat ion 
- 
x separat ion d is tance  
.; j 
. - 
X '  streamwise loca t ion  of f i r s t  hot wire 
x" streamwise loca t ion  of second hot wire 
Y' spanwise loca t ion  of f i r s t  hot wire 
Y" spanwise loca t ion  of second hot wire 
z ' l a t e r a l  pos i t ion  of f i r s t  hot wire ' I  
z ') l a t e r a l  pos i t ion  of second hot wire 
i 
: I 
0 angle from forward a x i s  of the  j e t  i n  the  flyovet plane ! 
9' angle of the wing sur face  i n  the flyover plane 




. %  
252 
, . / I I 
nozzle impingement angle 
density of the flow 
azimuthal angle (angle from the wing plane) 
, . . ,  
. " .  
-..: 
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i Figure 3.- Effect of flap angle on sound spectrum in flyover plane. 
, . I
O = 30'; R, = 7.62 cm; LF = 22.66 cm; VJ = 215 m/s; i I \: 
AR of nozzle = 4; X = 20% C; = 20'. L i I .  
I jc: 
- VJ = 285 MIS 
--- V, = ao MIS 
----- V l  = 2 1 5 M / S  
60 L I I I I J 
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ONE-TH IRD OCTAVE BAND CENTER FREQUENCY - KHz 
i 
Figure 4.- Effect of jet velocity on spectral distribution in flyover 
plane. (3 = 90'; Rc = 7.62 cm; LF = 22.66 cm; AR of nozzle = 4; 1 . .  ; X = 20% C; ON = 20'. 
I. 









Ffgure 7.- Typical streamwise space-time cross correlaticns in 
the trailing edge wake. 
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!I  
: 1 Figure 8.- USB configuration used for flow measurements. 
' r  
Rlrl / 
Figure 9 .- Autocorrel-at ion funclion of turbulence just 
downstream of trailing edge. 
Figure 10.- Comparison between calculateu and measured sound. 
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Figure 11.- Comparison between calculated and measured spectra. 
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Figure 15.- Comparison of empirical predJction with experimental 
data in flyover plane. AN = 113.8 cm-; AR of nozzle = 4; 
6f = 30'; 0 = 130'. 
